Kinetic modeling of the bulk free radical copolymerizations of n-butyl acrylate (BA) and 2-ethylhexyl acrylate (EHA); methyl methacrylate (MMA) and EHA; as well as BA, MMA and EHA was performed using the software PREDICI®. Predicted results of conversion versus time, composition versus conversion, and molecular weight development are compared against experimental data at different feed compositions. Diffusion-controlled effects and backbiting for BA were incorporated into the model as they proved to be significant in these polymerizations. The set of estimated global parameters allows one to assess the performance of these copolymerization systems over a wide range of monomer compositions.
Introduction
Copolymer synthesis is important in several areas due to the wide range of properties that can be achieved from the combination of different monomers. Potential applications for the materials that result from the virtually unlimited possible combinations have not been fully explored and studied [1] . Acrylate copolymers are of specific interest because of their widespread use in coatings, adhesives, resins, and many other products [1, 2] . N-Butyl acrylate (BA), 2-ethyl hexyl acrylate (EHA), and methyl methacrylate (MMA) monomers are used in adhesive production and coating applications as binders in household paints [2, 3] largely because their different glass transition temperatures allow for the control of adhesive and other mechanical properties [4, 5] .
The use of MMA and BA for polymerization processes has been studied abundantly. Their kinetic rate coefficients and the specific phenomena caused by their presence in polymerization recipes are well known and understood [6] . EHA, on the other hand, has not been studied to the same extent. Nonetheless, the propagation rate coefficient has been studied in bulk polymerizations at lower reaction temperatures (5-25 • C) [7] . Other studies in mini-emulsion [8] and micro-emulsion [9] polymerizations provide important comparative information on kinetic behavior. For example, the kinetic behavior of EHA was shown to be similar to that of BA in emulsion polymerizations at 75 • C [10] . The production of tertiary radicals resulting from transfer to polymer reactions, mostly due to backbiting reactions, was noted. The backbiting reactions led to a lower effective propagation rate coefficient. Extrapolation of the propagation rate coefficient from the bulk polymerization conditions (25 • C) of Beuermann et al. [7] to the emulsion polymerization conditions (75 • C) resulted in differing values from that estimated in the emulsion polymerization [10] . The backbiting reactions for EHA were shown to be higher than The polymerizations were carried out using azobisisobutyronitrile (AIBN), at a concentration of 0.08 wt.% in glass ampoules submerged in a temperature-controlled oil bath set to 60 °C, so that isothermicity can be assumed. Near-isothermal conditions have been reported for ampoule reactors of high surface to volume ratios at even higher AIBN concentrations [26] . Experimental monomer feed compositions for the three systems studied in this contribution (BA/EHA, MMA/EHA, BA/EHA/MMA) are detailed in Tables 1-3 . The induction times fitting functions are summarized in Table 4 . Table 1 . conditions for the bulk copolymerization of BA and EHA at 60 °C.
Monomer Feed (BA Molar Fraction)

Monomer Feed (EHA Molar Fraction)
BA (mol L −1 ) EHA (mol L −1 ) AIBN (mol L −1 ) fBA = 0.3 fEHA = 0.7 1.596 3.699 0.00414 fBA = 0.5 fEHA = 0.5 2.844 2.836 0.00414 fBA = 0.7 fEHA = 0.3 4.284 1.837 0.00414 Table 2 . conditions for the bulk copolymerization of MMA/EHA at 60 °C.
Monomer Feed (MMA Molar Fraction)
Monomer Feed (EHA Molar Fraction)
MMA (mol L −1 ) EHA (mol L −1 ) AIBN (mol L −1 ) fMMA = 0.3 fEHA = 0.7 1.6847 3.9407 0.00414 fMMA = 0.5 fEHA = 0.5 3.1794 3.1762 0.00438 fMMA = 0.7 fEHA = 0.3 5.1093 2.1897 0.00438 Table 3 . conditions for the bulk terpolymerization of BA, EHA and MMA at 60 °C. Tables 5-7 show the reaction steps used in PREDICI ® (version 11.Hilbert.4, Computing in Technology, CiT, Rastede, Lower Saxony, Germany), a software commonly used in polymer science and engineering [27] [28] [29] . The copolymerization schemes for the three studied systems (BA/EHA, EHA/MMA, BA/EHA/MMA) are based on conventional bulk free-radical copolymerization kinetics, but takeinto consideration the nature of each system, such as the occurrence of certain side reactions (e.g., backbiting for BA [25] , the presence of additional cross reactions for the terpolymer, and building on previous knowledge on MMA and BA homo-and copolymerizations [19, 20, 25] . Table 5 . Polymerization scheme and kinetic rate coefficients used in PREDICI ® for simulation of the bulk copolymerization of BA and EHA at 60 • C (M1 = BA, M2 = EHA).
Model Development
Description
Step in PREDICI ® Parameter Value (L mol − 
Termination of BA tertiary radicals
Bycombination
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Initiation
The initiation reaction involves two steps, as shown in Equations (2) and (3).
As with many other initiators, AIBN decomposes into two initiator primary free radicals (I • ). The Arrhenius expression for the initiator decomposition kinetic rate coefficient is given by Equation (4) [6, 31] .
The initiator primary free radicals react with either of the monomers producing polymer radicals of each type and size 1. Since not all initiator molecules produce primary free radicals due to side reactions, an efficiency factor (f ) for initiation is required. One explanation for the use of f is the so-called "cage effect", which allows us to avoid considering side reactions such as termination between primary free radicals [35] . A value of f = 0.58 was used [30] .
Propagation
Since the polymerization scheme is based on the terminal model [1] , four propagation and four-chain transfer to monomer reactions are involved. The self-propagation kinetic rate coefficients for MMA and BA are shown in Equations (5) and (6) [6, 31] . The cross-propagation kinetic rate coefficients are expressed in terms of reactivity ratios, as detailed in Section 3.4.
kp BA (L mol −1 s −1 ) = 2.767E9exp(−9.630 × 10 3 /T)
For the EHA, the self-propagation kinetic rate coefficient and pulsed laser polymerization (PLP) experimental data [7] were analyzed and adjusted to an Arrhenius relationship, leading to Equation (7) . The value for kp EHA used in our simulations ( Table 5 ) is consistent (order of magnitude agreement) with values reported in other studies for such parameters at the same temperature [13] .
kp EHA (L mol −1 s −1 ) = 9.00E6exp(−3.694 × 10 3 /T) (7)
Chain Transfer
Kinetic rate coefficients for chain transfer to MMA and BA are given by Equations (8) and (9) [6, 31] .
Unfortunately, there was no reliable information in the literature for chain transfer to EHA kinetic rate coefficients in bulk polymerization. A value of kf BA = 3.5 L mol −1 s −1 at 60 • C was estimated in this contribution.
The cross-chain transfer kinetic rate coefficients were obtained using reactivity ratios as in the case of propagation.
Cross-Propagation and Cross-Chain Transfer
Reactivity ratios, defined by Equation (10), were used to calculate the cross-parameters.
The reactivity ratios for BA/EHA, MMA/EHA and BA/EHA/MMA used in our calculations are summarized in Equations (11)- (15) , and were taken from the composition results obtained from Gabriel and Dubé [14] (at 60 • C) using a computational package developed in MATLAB [36] .
BA/EHA
MMA/EHA
BA/EHA/MMA
The reliability of reactivity ratios is fundamental for the accurate prediction of copolymer composition. As stated in the Mayo-Lewis equation, reactivity ratios are a measure of a monomer's preference and tendency to bond [35] . In the case of cross chain transfer to monomer reactions, since the reacting species are the same as in cross propagation, it was assumed that the cross chain transfer reactions can be calculated using the same reactivity ratios. This assumption does not have a strong theoretical background, but it allowed us to reduce the number of estimated parameters.
Backbiting of BA and Reactions with Mid-Chain Tertiary Radicals
Intramolecular chain transfer to polymer in BA polymerization is known to be important [37, 38] . Mid-chain tertiary polymer radicals are formed from backbiting. They are quite stable and can propagate, transfer and terminate as any other polymer radicals. Backbiting and tertiary radical propagation, as well as their corresponding kinetic rate coefficients, are given by Equations (16)- (19) [25] .
Tertiary radical formation:
Tertiary radical propagation:
Cross-propagation kinetic rate coefficients were also obtained from BA/EHA and BA/EHA/MMA reactivity ratios, which are given by Equations (20) and (21), respectively.
There were no estimates of k f 1tert reported in the literature. It was therefore estimated in this study (k f 1tert = 6).
Termination
Termination by combination and disproportionation kinetic rate coefficients for BA and MMA copolymerizations were also taken from WATPOLY, as shown in Equations (22) and (23) [6, 31] . 
k tcBA + k tdBA (L mol −1 min −1 ) = 5.88 × 10 9 exp(−7.01 × 10 2 /T)
The ratio between both termination kinetic rate coefficients for MMA and BA copolymerizations is given by Equation (24) [14] .
Termination by combination and disproportionation kinetic rate coefficients for EHA were estimated in this work, obtaining the values shown in Equations (25) and (26) . ktc EHA + ktd EHA = 5 × 10 8 (25) ktc EHA = ktd EHA = 2.5 × 10 8
The missing "cross-termination" constants were calculated using the geometric average for every specific case, as shown in Equation (27) .
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In the case of bimolecular radical termination including mid chain radicals, Q1(s)•, it was assumed that k tBA is independent of radical type [25, 39] . More experimental or theoretical studies on termination of tertiary radicals to provide a sounder estimation of k tBA would be useful. Until then, the assumption of independence of radical type is needed to simplify our parameter estimation approach. Therefore, the termination kinetic rate coefficients for such cases are the same as "cross-termination".
Diffusion-Controlled Effects
When implementing our model and trying to fit our experimental data, it was evident that diffusion-controlled (DC) effects were important. Since MMA was one of the monomers present in our reacting systems, this was not surprising [21, 30] . All the reactions involving polymer molecules were assumed to be diffusion-controlled. DC effects were addressed using free-volume theory [25, 40] , as shown in Equation (28), where β is a free volume parameter andv f is fractional free volume, defined by Equation (29) . Subscript "0" stands for initial conditions. T and T gi are the reaction temperature and glass transition temperature for component i (monomer or polymer of each of the possible species, BA, EHA or MMA); α i is the expansion coefficient for species i, V i is the volume of species i, and V t is total volume.
The free volume parameters used in our calculations for the three copolymerization systems are summarized in Tables 8 and 9 . As observed in Table 9 , different β values were required, even for similar polymer molecules, in order to explain the behavior observed experimentally over a wide range of (binary) copolymer and terpolymer compositions. This is not surprising if one considers that the material properties of the reacting mixture, such as viscosity [41] , depend on molecular weight development but also on copolymer content in the reactive mass and quite likely, copolymer composition.
It is observed in Table 9 that β for kinetic rate coefficients with the same name differs from system to system. This is a consequence of the nomenclature used for each system. For instance, kp1 refers to BA in the case of copolymerization of BA and EHA, whereas the same parameter is related to MMA in the copolymerization of MMA and EHA. Also, DC effects in both propagation and termination reactions were required for the copolymerization of BA and EHA whereas only diffusion-controlled termination was needed in the case of copolymerization of MMA and EHA. High values of β result in an earlier and more pronounced decrease of the corresponding kinetic rate coefficient, while kinetic rate coefficients where no DC effects are considered remain constant throughout the polymerization.
In general, the presence of MMA causes higher polymerization rates. This behavior can be captured by the model by increasing β for termination or decreasing the corresponding β parameter for the propagation reaction. In other words, the β t /β p ratio for MMA must be greater (compared to the other monomers) for accurate predictions. The same trend applies for the "cross" kinetic rate coefficients when MMA is involved; β t /β p is also fundamental to tune the "onset" of the auto-acceleration effect. As discussed in the following section, it turned out that the only way to capture the behavior of the experimental data (particularly the conversion versus time profiles) was to include DC effects in most of the reactions and using different β values for similar polymer molecules. 
Parameter Estimation Strategy
Most of the kinetic rate coefficients used in our study came from reports available in the literature. The kinetic rate coefficients estimated by us are summarized in Table 10 . The other estimated parameters are the βs indicated in Table 9 . As explained earlier, all the parameters estimated in this work are related to EHA. The estimation procedure consisted of a combination between a careful literature review, detailed parameter sensitivity analyses and the use of educated guesses (trial and error guided from the information gained from the literature review and the parameter sensitivity analyses). An example of the parameter estimation strategy is shown in Appendix A.
In the case of bimolecular radical termination between polymer radicals terminated in EHA monomer units, it was assumed that ktc EHA = ktd EHA . This is of course an approximation, but it is sufficient since, in many instances, in our model it is the total termination kinetic rate coefficient (kt = ktd + ktc) which is needed. Regarding chain transfer to a monomer, our parameter sensitivity analyses showed that kf EHA , kftert EHA and kftert MMA had a negligible effect on the polymerization rate, but that reaction is important for molecular weight development. Thus, initial guesses for these parameters were assigned order of magnitude estimates, based on values of that parameter for other monomers, and they were fine-tuned using molecular weight development experimental data. Our parameter estimation strategy included addressing the BA/EHA and MMA/EHA copolymer systems first, and then proceeding with the terpolymer case. Although we could get fairly good (order of magnitude) overall predictions of the polymerization rate, copolymer composition and molecular weight development for most of the cases studied by adjusting the intrinsic kinetic rate coefficients, the reproduction of unusual behavior (e.g., opposite trends in the conversion-time profiles when changing feed composition, overlap of profiles in certain instances, for system MMA/EHA) was possible only if strong DC effects (large β values) were used in some cases.
Results and Discussion
Conversion versus Time Profiles
As observed in Figures 2-4, good agreement between experimental data and calculated profiles of conversion versus time was obtained for all the conditions studied of the three copolymerization systems analyzed in this contribution. It is also observed from the experimental profiles for the three reacting systems that the polymerization rate is higher, and higher conversions are reached when EHA is present in a major proportion. This is consistent with the fact that kp for EHA turned out to be the highest for the three monomers considered in this study.
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In the case of copolymerization of BA and EHA, it is observed in Figure 2 that higher polymerization rates are obtained when the amount of EHA is increased. However, that increase in polymerization rate is only marginal since the profiles are close to one another. This result can be explained by comparing kp and kt for both monomers. Although kp for EHA is almost one order of magnitude higher than kp for BA, kt for EHA is two orders of magnitude higher than kt for BA. Since the polymerization rate is proportional to kp and inversely proportional to kt 0.5 , their effects almost cancel out. However, it is strange to observe from the experimental data that the final conversion for case 50BA/50EHA was higher than in case 70BA/30EHA, when the trend was exactly the opposite at very low conversions. This effect could not be captured by the model without DC effects. Even when single β parameters for similar polymer molecules were used, the observed trend could not be replicated. The only way to capture this effect was to use different β and kt values for EHA (see summary of β parameters in Table 9 ). Additional experimental data (i.e., extending the experimental study to include other monomer compositions for each co-and terpolymer system) as well as EHA homopolymerization studies would be required to more accurately estimate the model If one compares the BA/EHA and MMA/EHA copolymerization systems, as shown in Figures 2  and 3 , it is observed that BA polymerizes faster than MMA and EHA polymerizes faster than BA. As observed in the previous section, the kp values are consistent with these observations.
In the case of copolymerization of BA and EHA, it is observed in Figure 2 that higher polymerization rates are obtained when the amount of EHA is increased. However, that increase in polymerization rate is only marginal since the profiles are close to one another. This result can be explained by comparing kp and kt for both monomers. Although kp for EHA is almost one order of magnitude higher than kp for BA, kt for EHA is two orders of magnitude higher than kt for BA. Since the polymerization rate is proportional to kp and inversely proportional to kt 0.5 , their effects almost cancel out. However, it is strange to observe from the experimental data that the final conversion for case 50BA/50EHA was higher than in case 70BA/30EHA, when the trend was exactly the opposite at very low conversions. This effect could not be captured by the model without DC effects. Even when single β parameters for similar polymer molecules were used, the observed trend could not be replicated. The only way to capture this effect was to use different β and kt values for EHA (see summary of β parameters in Table 9 ). Additional experimental data (i.e., extending the experimental study to include other monomer compositions for each co-and terpolymer system) as well as EHA homopolymerization studies would be required to more accurately estimate the model parameters. Another possible explanation for the extra fine tuning of EHA parameters is the fact that we estimated induction times and corrected the experimental sampling times accordingly.
Similar behavior as the one described above is observed in Figure 3 for the copolymerization of MMA and EHA. Although more noticeable differences in the polymerization rate are observed in this case, these differences are still moderate. As observed for the BA/EHA system, in the case of copolymerization of MMA and EHA, the experimental data show higher conversion values in the very low conversion region and lower final conversions in the medium to high conversion regions for system 70MMA/30EHA, compared to system 50MMA/50EHA. The same explanation as in BA/EHA applies for MMA/EHA. Another important aspect observed in Figure 3 for the copolymerization of MMA and EHA is the presence of strong DCEs, particularly the auto-acceleration effect (typical "S"-shaped conversion versus time profiles, both experimental and calculated). This auto-acceleration effect (diffusion-controlled termination) is manifested in all the copolymerizations where MMA is present, even the case with the lowest content of MMA (30MMA/70EHA). As a matter of fact, this case with the lowest MMA content is the one wherethe strongest diffusion-controlled termination is observed (see Figure 3 ). This behavior can be explained by the large difference in propagation kinetic rate coefficients between the two monomers (kp for EHA is 2 orders in magnitude higher than kp for MMA), so that a decrease in termination will have a more noticeable effect in the species with the faster propagation. Accurate estimation of ktin our MMA-containing copolymerizations is quite important, given their lower propagation rates and the nature of the experimental results obtained, which show very similar conversions reached at quite different initial monomer concentrations.
As shown in Figure 4 for the terpolymerization of BA, EHA and MMA, more noticeable differences in the polymerization rate expressed as conversion versus time at different comonomer initial compositions are observed in this case, compared to the binary copolymerization systems analyzed earlier. These differences can again be explained in terms of different propagation rates among the three monomers (with EHA being the fastest monomer), but also by the monomer initial concentrations, where one monomer dominates the process. A close look at the β values reported in Table 9 shows again that DC effects and specifically diffusion-controlled termination are relevant for MMA, since higher β values are obtained for kinetic rate coefficients involving MMA and MMA cross interactions. As a matter of fact, the best overall fit to experimental data was obtained when system 10BA/10EHA/80MMA was used to estimate free volume parameters for MMA (estimation of β values for MMA related reactions).
Evolution of Kinetic Rate Coefficients Due to DC Effects
It was stated above that DC effects were needed to reproduce the observed experimental phenomena, particularly the effect of feed comonomer composition on the polymerization rate and molecular weight development. In order to understand such behavior, it is useful to visualize how the kinetic rate coefficients that are DC evolve over time. The evolution with conversion of kp and kt for system 30BA/70EHA, kp and kt for system 70EHA/30MMA, kp for system 10BA/10EHA/80MMA, kp for system 80BA/10EHA/10MMA, kp for system 10BA/80EHA/10MMA, kt for system 10BA/10EHA/80MMA, kt for system 80BA/10EHA/10MMA, and kt for system 10BA/80EHA/10MMA, are shown in Figures 5-12 , respectively. molecular weight development. In order to understand such behavior, it is useful to visualize how the kinetic rate coefficients that are DC evolve over time. The evolution with conversion of kp and kt for system 30BA/70EHA, kp and kt for system 70EHA/30MMA, kp for system 10BA/10EHA/80MMA, kp for system 80BA/10EHA/10MMA, kp for system 10BA/80EHA/10MMA, kt for system 10BA/10EHA/80MMA, kt for system 80BA/10EHA/10MMA, and kt for system 10BA/80EHA/10MMA, are shown in Figures 5-12 , respectively. Figure 10 . with conversion of termination kinetic rate coefficient for system 10BA/10EHA/80MMA due to DCeffects. It is observed in Figure 5 that kt and kp for system 30BA/70EHA decrease very slowly as conversion increases, remaining almost constant during the polymerization. This behavior is typical of systems with very weak DC effects and agree well with the conversion versus time profile shown in Figure 2 for the same copolymerization system. Figure 6 , on the other hand, shows the behavior of system 70EHA/30MMA, which displays strong DCeffects. DCtermination is particularly strong for system 70EHA/30MMA, since kp decreases moderately, but kt decreases by several orders of magnitude. This behavior agrees well with the conversion versus time profile shown in Figure 3 . Similar behavior was obtained for systems 50BA/50EHA, 70BA/30EHA, 50EHA/50MMA and 30EHA/70MMA, although results for those systems were not included here due to space considerations.
It is also observed in Figures 5 and 6 , and in Table 9 , that system BA/EHA required estimating more β parameters than system MMA/EHA. This is related to the nature of each system. System MMA/EHA is governed by the strong auto-acceleration effect (DC termination) of MMA whereas system BA/EHA required to estimate β parameters for several reactions involving polymer molecules in order to reproduce the experimental behavior of that system.
The terpolymer systems showed more complex behavior than the binary copolymerization ones. As observed in Figures 7-12 for the terpolymer systems, each case shows remarkably different behavior. For instance, as observed in Figure 7 , kp3, kp31, kp32, kp13 and kp23 for system 10BA/10EHA/80MMA decay much faster than in the other terpolymer systems shown in Figures 8  and 9 . The common feature in those cases is that the involved kinetic rate coefficients are related to MMA and cross propagation reactions with MMA, a monomer with strong DC effects. Similar decaying behavior for the termination kinetic rate coefficients, particularly kt33, kt32 and kt31 (both It is observed in Figure 5 that kt and kp for system 30BA/70EHA decrease very slowly as conversion increases, remaining almost constant during the polymerization. This behavior is typical of systems with very weak DC effects and agree well with the conversion versus time profile shown in Figure 2 for the same copolymerization system. Figure 6 , on the other hand, shows the behavior of system 70EHA/30MMA, which displays strong DCeffects. DCtermination is particularly strong for system 70EHA/30MMA, since kp decreases moderately, but kt decreases by several orders of magnitude. This behavior agrees well with the conversion versus time profile shown in Figure 3 . Similar behavior was obtained for systems 50BA/50EHA, 70BA/30EHA, 50EHA/50MMA and 30EHA/70MMA, although results for those systems were not included here due to space considerations.
The terpolymer systems showed more complex behavior than the binary copolymerization ones. As observed in Figures 7-12 for the terpolymer systems, each case shows remarkably different behavior.
For instance, as observed in Figure 7 , kp3, kp31, kp32, kp13 and kp23 for system 10BA/10EHA/80MMA decay much faster than in the other terpolymer systems shown in Figures 8 and 9 . The common feature in those cases is that the involved kinetic rate coefficients are related to MMA and cross propagation reactions with MMA, a monomer with strong DC effects. Similar decaying behavior for the termination kinetic rate coefficients, particularly kt33, kt32 and kt31 (both combination and disproportionation), all of them related to MMA, once more, can be observed in Figures 10-12 . This DC dependency of kp and k t for the terpolymer systems agrees well with the conversion versus time profiles observed in Figure 4 .
Copolymer Composition versus Conversion Profiles
As expected, accurate predictions of copolymer composition versus conversion strongly depend on the reactivity ratios used in the calculations. Given the excellent agreement between experimental data and calculated profiles of copolymer composition versus conversion at several initial compositions for the copolymerizations of BA and EHA, as well as MMA/EHA (see Figures 13 and 14) , it is fair to say that the estimates of reactivity ratios for such systems [14] were very good. However, as observed in Figures 15-17 , the same does not hold entirely true for the terpolymerization cases. The agreement between experimental data and model predictions of copolymer composition versus conversion for terpolymerizations 80BA/10EHA/10MMA (see Figure  17 ) and 10BA/80EHA/10MMA (see Figure 16 ) is very good, but it is poor for case 10BA/10EHA/80MMA, as observed in Figure 15 . On a first thought, one may argue that better reactivity ratio estimates may be needed, particularly for MMA-BA interactions. It is observed in Figure 15 that the largest deviation between experimental data and model predictions occurs when initial MMA content is highest. Given the lower kp value for MMA, compared to the corresponding values for BA and EHA, it may be argued that MMA incorporates slower into the copolymer and its composition could be slightly lower, as observed in the experimental profile (solid squares) of Figure  15 . The adjustments carried out to eliminate induction times from experimental data may be an issue here. However, on a closer look, it is inferred from Table 9 , that although the reactivity ratios at zero conversion coincide with the available ones, the fact that different free volume parameters (β values) for the cross-propagation terms were used, that causes the ratios to change (according to Equation (29) ; ratios of kpi 0 remain unchanged, but since the βs are different, the actual ratios do not remain constant). However, as observed in Figures 15-17 , the same does not hold entirely true for the terpolymerization cases. The agreement between experimental data and model predictions of copolymer composition versus conversion for terpolymerizations 80BA/10EHA/10MMA (see Figure  17 ) and 10BA/80EHA/10MMA (see Figure 16 ) is very good, but it is poor for case 10BA/10EHA/80MMA, as observed in Figure 15 . On a first thought, one may argue that better reactivity ratio estimates may be needed, particularly for MMA-BA interactions. It is observed in Figure 15 that the largest deviation between experimental data and model predictions occurs when initial MMA content is highest. Given the lower kp value for MMA, compared to the corresponding values for BA and EHA, it may be argued that MMA incorporates slower into the copolymer and its composition could be slightly lower, as observed in the experimental profile (solid squares) of Figure  15 . The adjustments carried out to eliminate induction times from experimental data may be an issue here. However, on a closer look, it is inferred from Table 9 , that although the reactivity ratios at zero conversion coincide with the available ones, the fact that different free volume parameters (β values) for the cross-propagation terms were used, that causes the ratios to change (according to Equation (29) ; ratios of kpi 0 remain unchanged, but since the βs are different, the actual ratios do not remain constant). However, as observed in Figures 15-17 , the same does not hold entirely true for the terpolymerization cases. The agreement between experimental data and model predictions of copolymer composition versus conversion for terpolymerizations 80BA/10EHA/10MMA (see Figure 17 ) and 10BA/80EHA/10MMA (see Figure 16 ) is very good, but it is poor for case 10BA/10EHA/80MMA, as observed in Figure 15 . On a first thought, one may argue that better reactivity ratio estimates may be needed, particularly for MMA-BA interactions. It is observed in Figure 15 that the largest deviation between experimental data and model predictions occurs when initial MMA content is highest. Given the lower k p value for MMA, compared to the corresponding values for BA and EHA, it may be argued that MMA incorporates slower into the copolymer and its composition could be slightly lower, as observed in the experimental profile (solid squares) of Figure 15 . The adjustments carried out to eliminate induction times from experimental data may be an issue here. However, on a closer look, it is inferred from Table 9 , that although the reactivity ratios at zero conversion coincide with the available ones, the fact that different free volume parameters (β values) for the cross-propagation terms were used, that causes the ratios to change (according to Equation (29); ratios of k pi 0 remain unchanged, but since the βs are different, the actual ratios do not remain constant). 
Molecular Weight versus Conversion Profiles
As observed in Figures 18-23 , the agreement between experimental data and calculated profiles of molar mass (Mn, Mw and Ð) versus conversion for the copolymerizations of BA and EHA as well as MMA and EHA is reasonably good. Order of magnitude agreement was obtained in both cases. It is observed from the experimental data of Mn, Mw and Ð that changes on initial monomer composition do not have significant effects on the molecular weights and dispersity achieved. The same trend was predicted by the model at low conversions, but significant deviations are observed at high conversions (calculated Mw-and consequently Ð-being much higher than the corresponding experimental data).
As observed in Figures 21 and 22 for copolymerization of MMA and EHA, the model predicts a slightly faster increase of molar mass as the polymerization proceeds, namely, the calculated profiles of both Mn and Mw slightly overpredict the molar masses achieved. It is also observed in these figures that although the experimental profiles seem to overlap, the effect of increasing the amount of MMA in the initial monomer mixture is captured in the opposite direction by the model. The experimental profiles show that molecular weight increases as the amount of MMA is decreased, whereas the calculated profiles show the opposite trend. To solve this issue, a more complete experimental study for the homopolymerization of EHA would be useful, since the chain transfer to the EHA kinetic rate coefficient had to be estimated in this study. However, the increasing trend of molar mass as time elapses is nicely captured by the model. This increasing trend was possible to reproduce by including diffusion-controlled dependence to the chain transfer to monomer reaction. Otherwise, flat profiles were obtained.
In the case of copolymerization of BA and EHA, although order of magnitude predictions of Mn and Mw were obtained, which was partly possible by the inclusion of DC effects in the chain transfer to monomer and backbiting reactions; the evolution with conversion of the profiles was captured very poorly. This may be explained by the fact that crosslinking and gelation occurred in the experimental system and these phenomena were not included in the model. Furthermore, as noted in the original data reference [14] , because the samples were filtered prior to analysis, only the soluble part of the polymer could be analyzed. This situation also explains the large discrepancy between experimental and calculated values of Ð observed in Figure 20 . 
As observed in Figures 18-23 , the agreement between experimental data and calculated profiles of molar mass (M n , M w and Ð) versus conversion for the copolymerizations of BA and EHA as well as MMA and EHA is reasonably good. Order of magnitude agreement was obtained in both cases. It is observed from the experimental data of M n , M w and Ð that changes on initial monomer composition do not have significant effects on the molecular weights and dispersity achieved. The same trend was predicted by the model at low conversions, but significant deviations are observed at high conversions (calculated M w -and consequently Ð-being much higher than the corresponding experimental data). It is observed in Figures 24 and 25 that our model is able to produce order-of-magnitude estimations of final molecular weights (Mn and Mw at high conversions), but their time (conversion) evolution is captured very poorly. As a matter of fact, the observed trends are opposite to the calculated profiles: The observed trend is that molecular weight increases within the same order of magnitude values, and the calculated profiles show huge decreasing trends (of about two orders of magnitude). Although this is not uncommon in polymerization modeling studies, these results may be attributed to the estimated kEHA chain transfer to monomer kinetic rate constant coefficients. As stated in Section 3.8 of this contribution, kEHA was used to fit BA/EHA and EHA/MMA copolymers molar masses. Since crosslinking and gelation occurred in the BA/EHA system, our estimation of kEHA was likely overpredicted. More complete experimental studies with a focus on capturing the early stages of the polymerization and gathering more data on molecular weight development are needed to improve our model. As observed in Figures 21 and 22 for copolymerization of MMA and EHA, the model predicts a slightly faster increase of molar mass as the polymerization proceeds, namely, the calculated profiles of both M n and M w slightly overpredict the molar masses achieved. It is also observed in these figures that although the experimental profiles seem to overlap, the effect of increasing the amount of MMA in the initial monomer mixture is captured in the opposite direction by the model. The experimental profiles show that molecular weight increases as the amount of MMA is decreased, whereas the calculated profiles show the opposite trend. To solve this issue, a more complete experimental study for the homopolymerization of EHA would be useful, since the chain transfer to the EHA kinetic rate coefficient had to be estimated in this study. However, the increasing trend of molar mass as time elapses is nicely captured by the model. This increasing trend was possible to reproduce by including diffusion-controlled dependence to the chain transfer to monomer reaction. Otherwise, flat profiles were obtained.
In the case of copolymerization of BA and EHA, although order of magnitude predictions of M n and M w were obtained, which was partly possible by the inclusion of DC effects in the chain transfer to monomer and backbiting reactions; the evolution with conversion of the profiles was captured very poorly. This may be explained by the fact that crosslinking and gelation occurred in the experimental system and these phenomena were not included in the model. Furthermore, as noted in the original data reference [14] , because the samples were filtered prior to analysis, only the soluble part of the polymer could be analyzed. This situation also explains the large discrepancy between experimental and calculated values of Ð observed in Figure 20 . It is observed in Figures 24 and 25 that our model is able to produce order-of-magnitude estimations of final molecular weights (M n and M w at high conversions), but their time (conversion) evolution is captured very poorly. As a matter of fact, the observed trends are opposite to the calculated profiles: The observed trend is that molecular weight increases within the same order of magnitude values, and the calculated profiles show huge decreasing trends (of about two orders of magnitude). Although this is not uncommon in polymerization modeling studies, these results may be attributed to the estimated k EHA chain transfer to monomer kinetic rate constant coefficients. As stated in Section 3.8 of this contribution, k EHA was used to fit BA/EHA and EHA/MMA copolymers molar masses. Since crosslinking and gelation occurred in the BA/EHA system, our estimation of k EHA was likely overpredicted. More complete experimental studies with a focus on capturing the early stages of the polymerization and gathering more data on molecular weight development are needed to improve our model. . Figure 24 . of experimental data and calculated profiles of number average molar mass versus conversion for terpolymerizations of BA, EHA and MMA at the initial concentrations indicated in the legend. 
Conclusions
MMA and BA are well-studied monomers whose polymerization kinetic rates coefficients are well known. However, this is not the case with EHA. Several important EHA kinetic rate coefficients (e.g., termination and transfer to monomer) had to be estimated in this study from experimental data not designed for such purposes.
The overall agreement between experimental data and model calculations for the three copolymerization systems was fairly good. Copolymer composition was captured very well with 
The overall agreement between experimental data and model calculations for the three copolymerization systems was fairly good. Copolymer composition was captured very well with the model for systems BA/EHA and MMA/EHA. Some deviations between calculated and experimental data were observed in some cases for conversion versus time. Predictions of molecular weight development were rather poor in some cases, particularly for the terpolymer cases. Further experimental and modeling studies are needed, particularly for the estimation of chain transfer in EHA in bulk copolymerizations. From the experimental side, it would be useful to put more emphasis on reducing further or eliminating induction times (more through purification procedures) and gathering more experimental data for molecular weight development. Regarding the theoretical side, it would be useful to carry out simulations where BA is present with inclusion of crosslinking and gelation phenomena.
Finally, it is important to point out that our simulations were carried out using a global set of parameters. Namely, the parameters were not changed in individual cases to improve data fitting. If we had done that, our simulated profiles would have fit the experimental data much better, but that was not the point of our study. for the three compositions and the experimental data (at different compositions) for system MMA/EHA (profiles not shown for those cases).
related to the estimation of ktEHA, kfEHA and the β-parameters for DC effects.
As shown in Figure A1 for system 30BA/70EHA, ktEHA has a strong effect on polymerization rate and because of that it was used to fit conversion versus time data at low conversions (up to 20-30 wt. % monomer conversion). From the results shown in Figure A1 , it seemed that ktEHA = 1 × 10 8 L mol −1 s −1 was the best fit. However, as shown in Figures A2 and A3 for systems 50BA/50EHA and 70BA/30EHA, respectively, that value was not the best for such systems. Therefore, the value of ktEHA was set by using a single value (ktEHA = 5 × 108 L mol −1 s −1 ) that could reproduce reasonably well the experimental data for the three compositions and the experimental data (at different compositions) for system MMA/EHA (profiles not shown for those cases). The calculated conversion versus time profiles agreed well with experimental data at low conversions but deviated at the high conversion region. The agreement at high conversions was improved by considering DC effects, namely, by adjusting βp and βt. When carrying out parameter sensitivity analyses for those parameters, it was found that it was the ratio of them, which was useful for data fitting purposes. Table A1 and Figures A4 to A6 show some of the data sets used for estimation of βp and βt (Table A1 and Section 3.7) and the profiles obtained for the BA/EHA system. As shown in Figure A7 DC effects also affect the composition versus conversion profiles, a fact that was also considered in the estimation of the DC β-parameters. Figure A3 . Effect of kt EHA on conversion versus time profiles for system 70BA/30EHA. The calculated conversion versus time profiles agreed well with experimental data at low conversions but deviated at the high conversion region. The agreement at high conversions was improved by considering DC effects, namely, by adjusting βp and βt. When carrying out parameter sensitivity analyses for those parameters, it was found that it was the ratio of them, which was useful for data fitting purposes. Table A1 and Figures A4-A6 show some of the data sets used for estimation of βp and βt (Table A1 and Section 3.7) and the profiles obtained for the BA/EHA system. As shown in Figure A7 DC effects also affect the composition versus conversion profiles, a fact that was also considered in the estimation of the DC β-parameters. Figure A4 . Effect of the ratio βt/βp (DC effects) on conversion versus time profiles for system BA/EHA (Set 1 of Table A1 ). 80 100 Figure A4 . Effect of the ratio β t /β p (DC effects) on conversion versus time profiles for system BA/EHA (Set 1 of Table A1 ). Figure A4 . Effect of the ratio βt/βp (DC effects) on conversion versus time profiles for system BA/EHA (Set 1 of Table A1 ). Table A1 ). Figure A5 . (Figure 2 ) Effect of the ratio β t /β p (DC effects) on conversion versus time profiles for system BA/EHA (Set 2 of Table A1 ). Table A1 ). It is common knowledge in free radical polymerization that chain transfer reactions to small molecules may significantly affect molar mass development without affecting polymerization rate. Figure A6 . Effect of the ratio β t /β p (DC effects) on conversion versus time profiles for system BA/EHA (Set 3 of Table A1 ). Table A1 ). It is common knowledge in free radical polymerization that chain transfer reactions to small molecules may significantly affect molar mass development without affecting polymerization rate. This was the case for chain transfer to EHA. As observed in Figure A8 , changing kfEHA by three orders of magnitude resulted on minimal effect on polymerization rate, but significant changes on Figure A7 . Comparison of modeling profiles of copolymer composition (MMA content) versus conversion, considering or neglecting DC effects, for system 30MMA/70EHA. It is common knowledge in free radical polymerization that chain transfer reactions to small molecules may significantly affect molar mass development without affecting polymerization rate. This was the case for chain transfer to EHA. As observed in Figure A8 , changing kf EHA by three orders of magnitude resulted on minimal effect on polymerization rate, but significant changes on molecular weight development (see Figure A9 ).
Processes 2019, 7, x FOR PEER REVIEW 31 of 36 conversion was obtained with kfEHA = 5 L mol − 1 s −1 (see Figures A13 to A15) . A compromise was established by using a final value of kfEHA = 3.5 L mol −1 s −1 . As explained in the body of the manuscript, gelation was an issue for systems containing BA, so that explains the deviation. Chain transfer to tertiary radicals for EHA was adjusted similarly, but its effect on molar mass development had less impact on molar mass results. conversion was obtained with kfEHA = 5 L mol − 1 s −1 (see Figures A13 to A15) . A compromise was established by using a final value of kfEHA = 3.5 L mol −1 s −1 . As explained in the body of the manuscript, gelation was an issue for systems containing BA, so that explains the deviation. Chain transfer to tertiary radicals for EHA was adjusted similarly, but its effect on molar mass development had less impact on molar mass results. kf EHA was therefore used to fit molecular weight development data for the studied systems. As observed in Figures A10-A12 , the best agreement with experimental data of M n versus conversion was obtained with kf EHA = 2 L mol −1 s −1 , but the best agreement with experimental data of M w versus conversion was obtained with kf EHA = 5 L mol − 1 s −1 (see Figures A13-A15) . A compromise was established by using a final value of kf EHA = 3.5 L mol −1 s −1 . As explained in the body of the manuscript, gelation was an issue for systems containing BA, so that explains the deviation. Chain transfer to tertiary radicals for EHA was adjusted similarly, but its effect on molar mass development had less impact on molar mass results. 
